Production of carrot (Daucus carota L.) phytoalexin, 6-methoxymellein, is triggered by the contact of the cells with oligogalacturonide elicitor, and the increase in cytoplasmic Ca 2ϩ level and activation of Ca 2ϩ -cascade in the cells are essential events in the elicitation process. 1) We have also shown 2) that calmodulin (CAM) is a key modulator protein to evoke phytoalexin biosynthesis in oligouronide elicitortreated carrot. CAM had been considered to be a constitutively expressed Ca 2ϩ -binding protein, however, a series of recent studies clearly demonstrated 3, 4) that, unlike in animal cells, plant CAM is encoded by several genes and the specific CAM gene is sometimes expressed by various physiological stresses. We have recently isolated four clones of CAM gene from carrot (GenBank accession number AY364011, AY364012, AY543014, and AY543015), and found that among them, the transcription level of cam-4 (AY364011) was markedly increased by the treatment of carrot cells with oligogalacturonide elicitor. 5) We assumed it possible that the transformation of plant cells with appropriate gene(s) encoding key protein(s) in signal transduction mechanisms of phytoalexin induction, such as CAM, would activate Ca 2ϩ -cascade and maintain the cells in the excitatory state; this might enhance the biosynthetic activity of secondary metabolites relating plant defense responses in the transformed plants. At present, only very limited information is available about the biochemical changes in the plant cells transformed with CAM gene, however, it has been reported 6,7) that over-expression of the gene in tobacco cells results in the unusual activation of CAM-dependent functional proteins followed by the generation of active oxygen species and NO. In animal cells it was shown 8) that the elevation of NO concentration appreciably enhances the synthesis of cyclic nucleotides. On the other hand, we showed 9,10) that the increase in cytoplasmic level of cyclic nucleotides stimulates Ca 2ϩ -cascade in cultured carrot cells by activating the nucleotide-sensitive cation channels. In the present study, we attempted to produce the transgenic plants in which carrot cam-4 gene was introduced and over-expressed by the infection of transformed Agrobacterium tumefaciens. Possible changes in the activity of key enzymes of phenylpropanoid metabolism, phenylalanine ammonia-lyase (PAL) and caffeic acid O-methyltransferase (COMT), in the transformed plants were examined together with the contents of phenolic compounds. In the preliminary experiments, sesame (Sesamum schinzianum ASCH.) showed the highest transformation and re-differentiation efficiencies among several plants tested, and we therefore focused on this plant as the target of the transformation.
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MATERALS AND METHODS

Plant Materials
Seeds of S. schinzianum were surfacesterilized in 70% (v/v) ethanol and 2% (v/v) sodium hypochlorite successively, and after several washings with autoclaved water they were placed on Murashige and Skoog's agar medium 11) for germination. The sterilized seeds were incubated at 26°C for 3 weeks, and the upper halves of the seedlings were cut off and used in the transformation experiments.
Transformation and Re-differentiation of Sesame The coding region of cam-4 was ligated to the Sma I site downstream of cauliflower mosaic virus (CMV) 35S promoter in pUCattB(MCS), and Escherichia coli DH5a was transformed with this vector. After isolation of the plasmid, the orientation of the insert harbored in the vector was confirmed by PCR with the primer pair; the top part of the CMV35S TATA box as the forward and the 3Ј terminal region of cam-4 as the reverse, respectively. 5) Then, CMV35S-cam-4 was subcloned into pMAT-GBO by the action of BP clonase (Invitrogen), and the constructed vector was introduced in A. tumefa- ciens 4404 (Invitrogen) by electroporation. A. tumefaciens transformed with pMAT-CMV35S-cam-4 was cultivated in LB liquid medium at 26°C for 2 d, and, cut surfaces of the stems of sesame seedlings were immersed in the bacterial suspension for 2-3 s. In a parallel experiment, the seedlings were also infected with A. tumefaciens, in which the pMAT vector without cam-4 was introduced, and served as "infection control". These sets of the seedlings were placed upsidedown in Murashige-Skoog's agar medium, and, after cultivation for 3-4 weeks, crown gall tissues which had formed at the infected regions were harvested. The galls were transferred onto agar medium containing N 6 -benzyladenine (0.01 mg/ml) and cefotaxim (500 mg/ml), and the multiple shoots formed by this treatment were then transferred onto rooting medium containing 2,4-dichlorophenoxyacetic acid (1 mg/ml). Re-differentiated sesame plants thus obtained were used for the DNA analyses and the determination of enzyme activities, phenolic acid contents and NO concentration.
Activation of Phenylpropanoid Metabolism in Sesame by
Expression of cam-4 in Sesame Whole tissues of sesame plants (100 mg fresh weight) were harvested and homogenized in liquid N 2 with a mortar and pestle, and total RNA was prepared with an RNeasy Plant Mini Kit (Qiagen) according to the instruction manual. The RNA samples were immediately used for reverse-transcription (RT) and PCR amplification employing OneStep RT-PCR Kit (Qiagen). The RT reaction was carried out with 1 ml RNA preparation, and PCR amplification of DNA fragments was performed with two primer pairs: 'cam-common' designed for the common core structures of many plant CAM genes 3-5,12-16) (5Ј-AGA TCT CCG AG TTC AAG GAA GCT TTC-3Ј as the forward and 5Ј-GAT CTG CCC ATC ACC ATC AAC ATC GG-3Ј as the reverse, 385 mer nucleotides as the product), and 'cam-4-specific' that amplifies carrot cam-4 fragment specifically (5Ј-GCA GAT CAG CTA ACA GAT GAC CAG ATC-3Ј and 5Ј-TGC CAT CAT GAC CTT GAC GAA CTC TTC-3Ј, 440 mer as the product). After agarose gel electrophoresis, the nucleotides were transferred onto a Hybond-N ϩ membrane (Pharmacia Biosciences), and the RT-PCR products were probed with an alkaline phosphatase-labeled CAM gene fragment. The labeled probe was prepared from the PCR product amplified by cam-common primer pair with carrot cDNA as the template, employing an AlkPhos Direct Labeling and Detection Kit (Amersham Pharmacia Biotech) according to the instruction manual. The membrane was airdried and exposed to an X-ray film for 30 min with intensifying screens.
Immunoblot Analysis of CAM Protein Immunoblot analysis of CAM protein in sesame plants was carried out essentially according to the method described previously. 10) Whole tissues of sesame (1 g fresh weight) were homogenized, and, after fractionation, 10) the proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). They were blotted onto a nitrocellulose membrane (0.2 mm) on a semi-dry transfer cell (Bio-Rad, Transblot SD). 10) After blocking with 1% (w/v) bovine serum albumin, the membrane was incubated with anti-bovine brain CAM (Polysciences Co.) in 5 ml Tris-buffered saline at 4°C overnight. 10) The membrane was then incubated with Protein A conjugated with alkaline phosphatase (Bio-Rad) at 25°C for 2 h, and were washed several times with the buffered saline. Primary antibody bound to CAM protein was visualized by color development reaction, 10) and the intensities of the bands were estimated by a densitometric scan at 570 nm.
Determination of PAL and COMT Activities The catalytic activity of PAL was determined photometrically according to the method of Zucker 17) with several modifications. 18) In brief, sesame tissues were homogenized in 25 mM borate-HCl buffer containing 2 mM NaHSO 3 (pH 8.8), and were centrifuged at 10000ϫg for 20 min to remove the cell debris. The resultant supernatants were dialyzed against the borate buffer, and the enzyme preparations were incubated with 2 mM phenylalanine at 37°C. At regular intervals, changes in the absorbance at 290 nm were measured. Protein concentrations were determined by the method of Bradford.
19) The activity of COMT was determined with [ 3 H]Sadenosyl-L-methionine (Perkin Elmer, specific activity 450 GBq/mmol) as the methyl donor according to the method of Inoue et al. 20) with several modifications. Sesame tissues were homogenized in 100 mM Tris-HCl buffer (pH 7.5) containing 5 mM dithiothreitol, and were centrifuged at 10000ϫg for 20 min. After dialysis against the same buffer, the enzyme preparation was incubated with 10 mM caffeic acid (Wako Pure Chemicals) and 10 mM [
3 H]S-adenosyl-L-methionine (3.7 kBq) in a total volume of 100 ml. Reaction was run at 37°C for 30 min, and was terminated by the addition of 100 ml of 1 M HCl. After extraction of the product with 200 ml aliquots of ethyl acetate : n-hexane mixture (1 : 1 by volume) by blending, radioactivity which had moved into the organic layer was determined.
Determination of Phenolic Compounds Phenolic compounds in sesame plants were determined by HPLC (Hitachi 655) on a reversed phase C-18 column (15ϫ4.6 cm) according to the method reported previously. 18) Acidic fractions prepared from acetone extracts of the sesame plants were adjusted to 1 ml, and from these solutions 50 ml-aliquots were injected into the HPLC column. The phenolic acids were separated using a linear gradient from 100% water to 25% water, 75% MeOH over 15 min, and were detected by monitoring the absorbance at 280 nm.
Determination of NO Concentration NO concentration of sesame plants was determined with a Nitrate Nitrite Colorimetric Assay Kit (Cayman Chemical Co.) according to the instruction manual. Whole tissues of sesame (100 mg fresh weight) were homogenized in liquid nitrogen in 25 mM Kphosphate-buffered saline (pH 7.2), and the homogenates were successively centrifuged at 10000ϫg for 20 min and 100000ϫg for 1 h to obtain the cytoplasmic fractions. High molecular weight materials in the fractions were removed by passing through Centricut (Bio-field), and the samples were transferred into a 96-well plate. After the diazonation and the color development reactions, absorbance at 540 nm was determined on a microplate reader.
RESULTS
Transformation and Re-differentiation of Sesame
Plants Sesame seedlings were infected by A. tumefaciens transformed with pMAT vector harboring CMV35S-cam-4, and the formation of crown galls was observed at the cut surfaces of the stems following incubation for 2-3 weeks. The gall tissues were harvested and then transferred onto agar medium containing cefotaxim and N 6 -benzyladenine for sterilization of the plant cells and the formation of multiple shoots. Efficiency of the shoot formation was, however, appreciably low in the transformed sesame (shooting was observed in 28% of culture tubes) as compared with the Agrobacterium-infected controls which were introduced pMAT without cam-4 (68% shooting). Ratio of the root development of the shoots on the auxin-containing medium was also low in the transformed sesame (20% rooting). The re-differentiated sesame plants, transformed with cam-4 and the control for Agrobacterium-infection, were used for further analyses together with the wild sesame seedlings germinated and grown for 4-5 weeks under a sterilized condition (Fig. 1) . The appearance of the infection-control of sesame was somewhat different from that of the wild plantlets directly germinated from seeds. However, in contrast, the shape of the transformed and re-differentiated sesame was quite abnormal as compared with those of the wild and the control plants.
Expression of cam-4 Gene in Transformed Sesame
Expression of carrot cam-4 gene in the transformed sesame was confirmed by RT-PCR followed by Southern blot analyses. As shown in Fig. 2a , the primer pair designated for the common structures of plant CAM genes, 5) cam-common, amplified the DNA fragments of the expected size (385 mer) in either the wild, infection-control or cam-4-transformed sesame. In contrast, 440 mer DNA with cam-4-specific primers 5) was observed only in the transformed sesame and no significant band was detected when RT-PCR was carried out for the wild and the control sesame (Fig. 2a) . The DNA fragments amplified in RT-PCR were further analyzed by Southern blotting probed with a partial structure of carrot CAM gene. It has been shown that the RT-PCR products obtained by the cam-common primer pair hybridized with the probe and showed the signals in the wild, infection-control and transformed plants (Fig. 2b) . As well as the DNA fragments amplified with the cam-common primers, the DNA band obtained for the transformed sesame with the cam-4-specific primers was also hybridized with the probe. These results strongly suggest that all of the DNA fragments obtained in this set of RT-PCR experiments were the partial structures of CAM genes, and cam-4 was specifically and appreciably expressed in the transformed sesame. Since the cam-common primer pair was designated for the common core structure of many plant CAM genes and the products were expected to represent the bulk expression of the genes, 5) comparison of the intensities of the DNA and rRNA bands for each plant source would allow a rough estimation of the , and crown gall tissues formed in these plants were similarly re-differentiated. Sesame seeds were germinated under sterilized condition, and the seedlings, designated wild sesame, were also used in further analyses.
Fig. 2. RT-PCR and Southern Blot Analyses for Expression of cam-4
Gene in the Transformed Sesame relative expression levels of the total CAM genes. The bands obtained in RT-PCR were subjected to densitometric scan together with the bands of rRNA separately electrophoresed, and the expression ratio was estimated to be 1 : 0.8 : 1.9 for the wild, infection-control and transformed sesame, respectively.
It was also confirmed that the concentration of CAM protein in the transgenic sesame was appreciably higher than those in the wild and the control plants. The amounts of the protein were roughly estimated by immuno-blotting using anti-CAM followed by a densitometric scan, and the relative ratio was estimated to be 1 : 1.1 : 2.6 (Fig. 3) .
Biochemical Properties of Transformed Sesame Phenylpropane derivatives are known to be important precursors of lignin structures of higher plants, and the lignification response is one of the most common defense reactions distributed in a wide range of plant species. 18, 20) As the key enzymes of defense-related secondary metabolisms, we focused on PAL and COMT, the most important enzymes involved in phenylpropanoid biosynthesis, and the activities of these enzymes in the transformed sesame were compared with the wild and control plants. As shown in Fig. 4 , PAL activity in the transgenic sesame was appreciably higher than those of the wild and the infection-control (1.9-and 2.4-fold higher levels, respectively). This marked stimulation of the catalytic activity in the transformed plant was also found in COMT, and 2.3-and 1.9-fold increases in the activities were observed ( Table 1 ). The increased ratio of these two enzyme activities in the transgenic sesame were almost comparable to the elevated ratio of the 'bulk' expression levels of CAM genes described above. It was also shown ( Table 2 ) that the contents of phenolic compounds, caffeic acid and ferulic acid, in the cam-4-transformed sesame markedly increased (3.0-to 5.8-fold higher levels).
An appreciable NO generation due to the unusual activation of CAM-dependent proteins was reported in several plants transformed with CAM genes.
7) Therefore, we examined possible change in NO concentration in the wild, infection-control and transformed sesame. However, unlike in the phenylpropanoid metabolism, only a slight increase in the messenger concentration was observed in cam-4-transformed sesame, and NO level in the plant was found to be 1.2-to 1.3-fold higher than those of the wild and control (Table 1) .
DISCUSSION
In the present study, sesame was transformed by cam-4, a CAM gene specifically expressed in oligogalacturonidetreated carrot. Efficiency of re-differentiation in the transformed sesame was appreciably lower than the plant infected by A. tumefaciens without cam-4. Certain alterations of cellular processes caused by the unusually high concentration of CAM protein which is known to function in many physiological processes would be responsible for the low efficiency of the shoot-and root-forming activities of the transformed cells.
Over-expression of cam-4 gene activated the phenylpropanoid metabolism in the transformed and re-differentiated sesame, and the rough ratio of the bulk expression levels of CAM genes in the wild, infection-control and transformed sesame plants (Fig. 2 ) appeared to correlate with CAM protein concentrations (Fig. 3) . The activities of the two en- zymes relating phenylpropanoid-biosynthesis, PAL and COMT (Table 1) were proportional to the levels of CAM gene expression, and the increased contents of caffeic acid and ferulic acid in the transformed sesame were also parallel to the enhanced expression in the plants (Table 2) . In sharp contrast, NO concentration in the wild, control and transgenic sesame plants seemed to be rather comparable, however, it is reasonable to expect that NO generation takes place transiently and the marked increase in the messenger concentration, if any, might be detectable only in a very short period.
6,7) Alternatively, it is also possible that the liberation of NO is not an essential event for the activation of phenylpropanoid metabolism in the transformed sesame, and the enhancement of the enzyme activities is triggered by a certain mechanism without accompanying NO generation.
We showed that oligogalacturonide is the specific elicitor of 6-methoxymellein production in carrot, 1, 2) and this phytoalexin is a polyketide compound synthesized via the acetate-malonate pathway. 21) However, over-expression of a CAM gene in sesame results in the activation of the metabolism of phenylpropane derivatives synthesized via the shikimic acid pathway. It was demonstrated, therefore, that the CAM gene specifically expressed for the biosynthesis of polyketide compound in carrot is capable of enhancing the production of phenylpropane derivatives in sesame. Is there any specificity in the enhancement of secondary metabolism in higher plants in which CAM gene is over-expressed? Although CAM plays roles in numerous cellular events, 22 ) the structure of the protein is known to be highly conservative. Therefore, the specificity of the final cellular responses mediated by CAM is considered to be regulated by certain processes in the downstream of the signal transduction cascade. 22 ) From these facts, we assume that the pathway(s) of secondary metabolism in higher plants which would be activated by the transformation with CAM genes might depend on the inherent natures of the individual plant species, such as the networks of the signaling cascade, the properties of the functional proteins mediating these processes, and the levels and/or timings of the expression of the genes participating in these cellular events.
The present experiments suggest the possibility that the engineering of signal transduction processes by the transfection of appropriate genes is a novel method of molecular breeding of useful plants. Further analyses of the phenotypes of the individual transformants of sesame and an attempt to produce transgenic plants other than sesame are in progress in our laboratory.
